Autophagy, a highly conserved mechanism of quality control inside cells, is essential for the maintenance of cellular homeostasis and for the orchestration of an efficient cellular response to stress. The decrease in autophagic activity observed in almost all cells and tissues as organisms age was proposed to contribute to different aspects of the aging phenotype and to the aggravation of detrimental age-related diseases. The recent advances in our understanding of the molecular mechanisms underlying autophagy and the identification of the subset of genes involved in this process has enabled the use of genetic manipulations to start testing this hypothesis. Here, I review the recent genetic evidence in support of tight connections between autophagy, health span and aging.
Autophagy, a highly conserved mechanism of quality control inside cells, is essential for the maintenance of cellular homeostasis and for the orchestration of an efficient cellular response to stress. The decrease in autophagic activity observed in almost all cells and tissues as organisms age was proposed to contribute to different aspects of the aging phenotype and to the aggravation of detrimental age-related diseases. The recent advances in our understanding of the molecular mechanisms underlying autophagy and the identification of the subset of genes involved in this process has enabled the use of genetic manipulations to start testing this hypothesis. Here, I review the recent genetic evidence in support of tight connections between autophagy, health span and aging.
Cellular quality control, autophagy and aging All cells rely on surveillance mechanisms, chaperones and proteolytic systems to control the quality of their proteins and organelles and to guarantee that any malfunctioning or damaged intracellular components are repaired or eliminated [1, 2] . Molecular chaperones interact with unfolded or misfolded proteins and assist in their folding [3] . However, if the extent of protein damage is too great, or the cellular conditions are not adequate for re-folding, the same molecular chaperones often deliver proteins for degradation. Two proteolytic systems contribute to cellular clearance: the ubiquitin-proteasome and the lysosomal systems [4] . Chaperone malfunctions or alterations in the components of the proteolytic systems result in intracellular accumulation of damaged proteins and organelles and underlie the basis of different human pathologies [5] . Accumulation of damage is also characteristic of tissues in all organisms as they age and has been proposed to be responsible for their functional loss in aging. Changes with age in both the ubiquitin-proteasome and the lysosomal system have been described (reviewed in Refs [6, 7] ), but only recently has the contribution of these changes to the aging phenotype started to be elucidated. The main reason for the recent advances has been the improved molecular characterization of the different cellular degradative pathways. The identification of the genes encoding effectors and regulators of intracellular clearance has now enabled direct analysis of the consequences of downregulation of their activity to levels similar to those observed in old organisms. Likewise, genetic manipulations to prevent the age-related functional decline of some of these systems have confirmed the contribution of the accumulation of intracellular damage to their functional failure in aging. Here, I review the contribution of the lysosomal system to the maintenance of cellular homeostasis -through autophagy (see Glossary) -and the recent findings linking the autophagic system to life-span extension and to different aspects of cellular and organismal aging.
Autophagy: the comeback of an old pathway Lysosomes are organelles fully devoted to degrading diverse macromolecules both from the extracellular environment and from inside the cells [8] . Lysosomes contain the highest cellular concentration of hydrolases (i.e. proteases, lipases, glycases and nucleotidases) in their lumen, in addition to permeases in their membrane for recycling the essential building blocks of the degraded products (e.g. amino acids, fatty acids and cholesterol, sugars, etc.) to the cytosol [9] . In this respect, lysosomes are real recycling compartments in which cellular structures are broken into their individual components, which can then be reused for synthesis of new cellular structures. Lysosomes degrade both intact (functional) proteins, to guarantee continuous renewal of the cellular proteome, and damaged proteins that are no longer functional, to Review Glossary Autophagy: degradation of any type of intracellular components including protein, organelles or any type of particulate structures (e.g. protein aggregates, cellular inclusions, etc.) in lysosomes. Catabolism: breakdown of macromolecules into their essential components as a result of the coordinate function of different intracellular metabolic pathways. Catabolic processes provide cells with chemical energy and building blocks for the synthesis of new macromolecules. Chaperone-mediated autophagy: autophagic pathway responsible for the selective degradation of a subset of cytosolic proteins in lysosomes upon unfolding and translocation across the membrane. Health span: total number of healthy years of life of an organism. Life span: average length of survival of an organism. Long-lived worm mutants: worms bearing a mutation that increases in their life span in comparison to their wild-type counterparts. Lysosomes: single membrane vesicles with acid luminal pH that contain higher concentrations of different types of hydrolases able to degrade all type of macromolecules. Macroautophagy: type of autophagy by which entire regions of the cytosol sequestered inside a double membrane structure (autophagosome) are delivered as a whole into lysosomes through vesicular fusion. Microautophagy: type of autophagy in which the lysosomal membrane invaginates or protrudes to seclude cytosolic regions that are internalized into the lumen as single membrane vesicles. mTOR: nutrient-regulated mammalian kinase identified by its sensitivity to rapamycin (target of rapamycin) that acts as negative regulator of macroautophagy. Corresponding author: Cuervo, A.M. (amcuervo@aecom.yu.edu).
avoid their accumulation inside cells. Lysosomes not only degrade soluble individual proteins but also particulate structures and complete organelles. This feature makes the lysosomal system particularly relevant under conditions when damaged proteins start to organize into irreversible oligomers and aggregates.
The contribution of the lysosomal system to catabolism and intracellular clearance (autophagy) has been known for more than half a century, since the description of this organelle by deDuve [9] . However, until recently, the understanding of the pathophysiology of autophagy advanced at a very slow pace compared to that of other quality control mechanisms. The most important propellers of the current advances in the autophagy field were three simultaneous yeast genetic studies initiated 10 years ago, which identified the first autophagy related genes (ATG) [10] (Box 1). The numbers of ATG genes have escalated to include >30 and the majority are conserved throughout evolution [11] . The possibility of genetically manipulating autophagy -through knockouts, knockdowns and overexpression of the ATG genes -has permitted, for the first time, investigation of the cellular consequences of changes in the activity of this pathway and a link between autophagic malfunction and different human diseases [8, [12] [13] [14] .
Pathophysiology of autophagy
The participation of autophagy in different physiological functions is attributable, in almost all cases, to one of its two main functions: as an energy source or as a mechanism for the removal of unwanted cellular structures [15] ( Figure 1 ). As described earlier, the essential components resulting from macromolecule degradation in lysosomes can be reused not only for the synthesis of new macromolecules but also as cellular fuel. In addition, the unique ability of the lysosomal system to sequester and degrade entire cellular regions gives a prominent role to autophagy in conditions requiring extensive cellular remodeling such as cell differentiation, embryogenesis and even in the complete cellular destruction that occurs in some forms of cell death [8, [12] [13] [14] . Furthermore, autophagy has been implicated in both innate and acquired immunity through sampling, digestion and presentation of peptides from both invasive cellular pathogens and also from their own cellular milieu [16] .
Genetic manipulation of autophagy in different organisms has also revealed the contribution of autophagic malfunction to disease. In recent years, autophagy has been shown to underlie the basis of certain types of cancer, muscular disorders, metabolic alterations, including some complications of the diabetic syndrome, infectious diseases and protein conformational disorders, among which neurodegenerative diseases stand by themselves in their well established connections to the autophagic process [8, [12] [13] [14] . In later sections, I comment on recent studies supporting a causal role for the failure of autophagy in some common age-related diseases, but a comprehensive analysis of the changes in the autophagic system in disease is beyond the scope of the present review (readers are referred to some of the published work on this topic [8, [12] [13] [14] ).
Box 1. Identification of autophagy-related genes by genetic screening in yeast
The identification of the initial subset of genes necessary for autophagy resulted from three genetic screens in Saccharomyces cerevisiae performed almost simultaneously in three different laboratories. [68] [69] [70] . The read-outs used for identification of autophagy-defective mutants by the different groups were:
Cellular survival during starvation Activation of macroautophagy is essential for survival of yeast cells in the absence of food. Autophagy mutants were identified as those mutants unable to grow in nutrient-poor media.
Degradation of intracellular proteins
Starvation-induced macroautophagy results in 'in bulk' degradation of the cellular cytosol. Autophagy-defective mutants were identified by comparing the cellular levels of particular cytosolic proteins in cells maintained in nutrient-rich or nutrient-poor media. The inability to increase the degradation of the cytosolic protein (persistent high levels) when changed into a media lacking nutrients is characteristic of the autophagy-defective mutants.
Morphological alteration of the autophagic compartments
Autophagic bodies released into the vacuole are easily identifiable in S. cerevisiae when vacuolar proteases are inhibited. An analysis of these compartments in cells placed in a nutrient-poor media enabled the identification of mutants with alterations in some of the steps of the macroautophagic process (e.g. delivery and fusion of the autophagosomes with the vacuoles, degradation once inside the vacuole, etc.). Three different main types of autophagy have been described in mammalian cells. In macroautophagy, entire regions of the cytosol, including proteins and organelles, are sequestered in a double membrane vesicle that then fuses with lysosomes to enable cargo degradation. During microautophagy, the lysosomal membrane invaginates or protrudes to internalize cytosolic components in single membrane vesicles that are then rapidly degraded in the lysosomal lumen. Selective degradation of soluble cytosolic proteins can be attained by chaperone-mediated autophagy, in which candidate substrate proteins (green) are brought to a translocation complex (yellow) at the lysosomal membrane by cytosolic chaperones (red). Substrate proteins can only reach the lysosomal lumen by this pathway after undergoing complete unfolding in the cytosolic side of the lysosomal membrane. The two most important functions of autophagy are also depicted in this model: (i) as an alternative source of energy, by providing essential components -such as amino acids (aa) or free fatty acids (FA) -that can be used for cellular fueling; and (ii) as an essential component of the cellular mechanisms for quality control, by guaranteeing removal of altered proteins and organelles.
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Trends in Genetics Vol. 24 No.12 Basic mechanisms of autophagy The detailed molecular characterization of autophagy and the improved understanding of the physiological roles for this pathway have also resulted in a growing number of terms to refer to this process. The differences among the autophagic variations reside in the type of cargo, the mechanism for its delivery to lysosomes and the conditions in which that particular process is activated. However, despite the variety of autophagic processes described, they all fall into one of three main types: macroautophagy, microautophagy or chaperone-mediated autophagy [8, 14, 17] (Figure 1) .
Macroautophagy is the most extensively analyzed and quantitatively more important type of autophagy in which entire regions of the cytosol are sequestered by a de novoformed limiting membrane that seals into an autophagosome [11] (Figure 1 ). These double-membrane vesicles acquire the proteases required for degradation of the sequestered material by fusion with secondary lysosomes. Two conjugation events -a protein to protein and a protein to lipid conjugation -and two intracellular kinase complexes -the beclin-VPS34 (named for vacuolar protein sorting) complex and the mTOR (mammalian target of rapamycin) complex -act coordinately to modulate formation, sealing and fusion of the autophagic compartments with lysosomes [11, 18] . Although macroautophagy was considered an inducible type of autophagy, growing evidence supports the existence of basal macroautophagy, essential for maintenance of cellular homeostasis in different organs [19] [20] [21] [22] . In addition to this 'in bulk' degradation, selective sequestration of cellular structures into autophagosomes is also a common mechanism for removal of organelles or particulate protein complexes (aggregates) [23] .
The process of microautophagy is poorly characterized, at least in mammalian cells. Like in macroautophagy, entire cytosolic regions constitute the microautophagy cargo, but it is the lysosomal membrane itself that invaginates or protrudes to seclude the cytosolic components [24] (Figure 1 ). Variations of microautophagy have been described in yeast for the selective degradation of peroxisomes (micropexophagy) or even nuclear regions (piecemeal microautophagy) [23] .
Selective autophagy of soluble cytosolic proteins can occur via chaperone-mediated autophagy (CMA), the only type of autophagy that requires unfolding of the protein cargo before internalization into lysosomes [13, 25] . Selectivity is determined via the recognition by a cytosolic chaperone of a pentapeptide in the amino acid sequence of the substrate proteins that are, thus, delivered to the surface of the lysosomes (Figure 1 ). To reach the lysosomal lumen, substrate proteins interact with a receptor protein, the lysosome-associated protein type 2A (LAMP-2A), and a complex of lysosomal chaperones at both sides of the lysosomal membrane [25] . Although CMA is maximally activated under stress, different levels of basal activity can be detected in many cell types [13] .
Autophagy and aging: before the genetic dissection A decrease in proteolytic activity has been considered responsible, at least in part, for the accumulation of damaged cellular components in almost all tissues of aging organisms (reviewed in Refs [6, 7, 26] ). Indeed, age-dependent alterations in the lysosomal system and declined autophagic activity were described long before the molecular basis for this process was fully understood. Most of the early functional studies were performed in the liver, as this was also the organ in which the most extensive characterization of the different autophagic pathways was available [26] . However, the morphological features of the aging lysosomal system (e.g. expansion of lysosomal compartments, accumulation of autophagic vacuoles and deposition of undigested material inside lysosomes in the form of an autofluorescent pigment termed lipofuscin) were also described in non-dividing cells of many other tissues (e.g. brain, heart, muscle and kidney). Failure of the quality control mechanisms are particularly detrimental in post-mitotic cells, in which distribution of damaged components to daughter cells is not possible because their cells no longer undergo cell division [27, 28] .
Measurement of autophagic activity (the rate of degradation of long-lived proteins) in rodent livers revealed an age-dependent decrease in lysosomal-mediated degradation that correlated with an increase in damaged proteins in this organ [29] . The reasons for this reduced macroautophagic activity with age, at least in the liver, seem to be twofold: a defect in the clearance of autophagic vacuoles and problems in the hormonal regulation of this type of autophagy ( Figure 2 ). The half-life of newly formed autophagosomes most likely increases because of the inability of the secondary lysosomes to fuse and/or degrade the autophagosome cargo [30] . Failure of the lysosomal hydrolases, as a result of the gradual increase of lipofuscin in lysosomes and of primary damage to this compartment by toxic protein products, has been proposed to underlie the slow clearance of autophagosomes in the aging liver [31] . Other studies in rodent liver have identified alterations in the response of macroautophagy to changes in circulating levels of insulin and glucagon with age [32, 33] . In young organisms, the increase in glucagon levels during starvation upregulates macroautophagy, whereas insulin, secreted as nutrients are absorbed in the gut, enhances the mTOR-mediated repression of this pathway (Figure 2 ). The inability of glucagon to upregulate macroautophagy in aging livers has been proposed to result from the basal signaling activity of the insulin receptor with age, which is also enhanced by oxidative stress in the absence of insulin (reviewed in Ref. [34] ). Macroautophagy deregulation in old organisms could also be a consequence of its persistent activation because of the gradual resistance to insulin, typical of aging cells. Although increased autophagy could be initially beneficial, its maintained activation could lead to chronic depletion of essential autophagic components and failure to upregulate this pathway when needed [35] .
Studies in rodent livers also provided the first evidence that caloric restriction, the only intervention known to effectively decelerate aging, prevented the decline of macroautophagy activity with age [32, 33, 36] . Limited dietary intake decreases the incidence of age-related disorders and increases life span in numerous experimental models from yeast and invertebrates to mammals in- 12 cluding primates (reviewed in Refs [37, 38] ). The logical connection between caloric restriction and autophagy stems from the findings that that autophagy is a catabolic process upregulated during nutrient deprivation and that tissues from calorically restricted animals contain markedly lower levels of damaged components when compared to age matched ad libitum fed animals. Both roles of autophagy, as an energy source when nutrients are scarce and as a process to remove cellular damage, fit well with the beneficial effect of caloric restriction.
The age-related decrease in the other nutritionally regulated autophagy pathway -CMA -was also described before its molecular components were identified. Early studies in cultured primary human fibroblasts revealed that the degradation of a selective pool of cytosolic proteins in lysosomes (through what is now known as CMA) was gradually impaired during passage in culture [39] . This decrease in CMA in aging human fibroblasts was later confirmed in different tissues of old rodents [40] .
The new connections between autophagy, aging and life span Genetic screens in yeast (in the case of macroautophagy) and novel biochemical approaches (in the case of CMA) have helped to identify the subset of genes and protein products that participate as effectors and modulators of these autophagic pathways. Manipulations in these genes have confirmed the tight connection between autophagy, life span and aging ( Table 1) .
The first genetic connection between autophagy and aging was established in the worm Caenorhabditis elegans,
an organism extensively used to analyze changes in protein degradation with age [41] , in addition to the identification of genes that mediate life-span extension [42] . Mutations in different genes that reduce signaling through the equivalent of the insulin-signaling pathway in worms, such as daf-2, can extend longevity [42] . Knock-down of essential autophagy proteins in daf-2 mutants drastically reduced their life-span extension [43, 44] (Figure 3) . Functional autophagy has also proven necessary to attain the maximal life-span extension mediated by deletion of other genes such as those encoding mTOR [45] or the tumor suppressor p53 [46] , which curiously represses macroautophagy in mammals [47] . Likewise, factors that promote longevity in invertebrates, such as the Foxo family of Forkhead transcription factors, upregulate macroautophagy [48] . Indeed, macroautophagy activation is a common feature of all the long-lived mutant worms [43] [44] [45] 49] . In contrast to the well established role of autophagy in the 'superlongevity' of these mutant worms, the requirement of functional autophagy for normal life span remains a controversial matter in this model. Thus, whereas mutation of essential autophagic genes shortened the life span of wildtype worms in some of these studies [44, 49] , it had no effect in others [43, 46, 50] . The reasons for these discrepant results remain to be elucidated. Regardless of this controversy, accumulation of intracellular damage and signs of cellular aging have been observed in both worms and flies defective for essential autophagy genes [49, 51] .
The role of macroautophagy in life-span extension mediated by caloric restriction was recently genetically confirmed in C. elegans. Macroautophagy is upregulated 
Trends in Genetics Vol.24 No.12 in feeding-defective worm mutants used to model dietary restriction [52] and disruption of essential autophagy genes shortened their life span [50] . This is an interesting finding because caloric restriction further increases life span in the long-lived insulin-signaling mutants, indicating that both interventions influence aging by different mechanisms. Macroautophagy, thus, reveals itself as a possible common effector of both pathways, a role probably attributable to the dual regulation of macroautophagy by insulin-signaling and mTOR (Figure 3) . Mutations in the TOR pathway increase life span in invertebrates, but these mutants no longer respond to caloric restriction, thereby supporting the idea that attenuation of TOR signaling is part of the downstream mechanism involved in the beneficial effects of caloric restriction [53] . TOR is a negative regulator of macroautophagy that signals as a downstream kinase of the insulin-signaling pathway. However, insulin-independent signaling through TOR is possible because this kinase is also activated by nutrients and growth factors [54] . Blockage of this last signaling mechanism is probably responsible for maintained activation of macroautophagy during caloric restriction. Interestingly, although macroautophagy is required for life-span extension in all these long-lived worm mutants, at least in worms, it is not sufficient and it probably acts in parallel with other downstream pathways [45] .
The identification of the different molecular components of CMA has facilitated a better understanding of the reasons for the declined activity of this type of autophagy with age. Indeed, a step-by-step comparative analysis of CMA in livers of young and old rodents revealed that substrate recognition by the cytosolic chaperones, targeting to the lysosomal membrane and degradation in the lysosomal lumen are preserved until late in life [40] . The problem, however, lies in the binding and lysosomal translocation of the substrate proteins because of progressively lower levels of the CMA receptor at the lysosomal membrane with age [40] . This defect -also confirmed in other tissues of old rodents and in human aging fibroblasts -is not because of transcriptional downregulation of this receptor, but instead it is a consequence of instability of this protein once it reaches the lysosomal membrane. Changes with age, probably in the lipid composition of the lysosomal membrane, are behind the instability of the CMA receptor, LAMP-2A, in old organisms [55] .
Consequences of autophagic failure in aging
In light of the myriad of physiological functions of autophagy, it is easy to infer that the described age-related decline in autophagic activity will affect normal cell functioning and contribute to different aspects of the aging phenotype. Recent studies using tissue-specific conditional autophagy-knockout mice have confirmed the important role of this catabolic process in the maintenance of cellular homeostasis and proper response to stress [19] [20] [21] [22] . Thus far, changes in life span and health span have not been analyzed in these rodents with impaired autophagy. However, worms and flies with defective autophagy have decreased life span and earlier features of cellular aging [49, 51, 56] . An important limitation of the studies both in invertebrates and in mammals is that autophagic blockage is induced early in life, whereas the age-dependent decrease in this pathway does not begin in most organisms until middle age. It is, thus, possible that compensatory mechanisms that can be activated early in life in response to the autophagic failure are no longer possible late in life, resulting in even more dramatic consequences. In support of this possibility, recent studies in mouse models with temporally controlled knockout of an essential autophagy gene in the heart have revealed that autophagic impairment early in development does not result in altered heart function, unless these animals are exposed to additional stress. By contrast, autophagic blockage late in adulthood results in marked heart failure, even under normal resting conditions [22] . Future studies on the consequences of macroautophagic decline with age should take into account these temporal differences. The use of LAMP-2A knockdown in cultured fibroblasts to reproduce the age-related decline in CMA activity has confirmed the importance of this pathway in the removal of altered cytosolic proteins and as part of the cellular response to stress [57] . However, selective blockage of CMA in a whole organism, to analyze the functional consequences of the accumulation of damaged products observed in the cultured cells, has not been possible yet. The main limitation in this respect is the fact that LAMP-2A is one of the three spliced variants of the lamp2 gene and, consequently, knockout of the whole gene would present a more complex phenotype than that resulting only from defective CMA. The use of RNAi against LAMP-2A in animals could help overcome this limitation in the future.
Recently, particular attention has been dedicated to the consequences of reduced macroautophagy and CMA with age in the progression of the so called age-related disorders (Box 2). The fact that alterations in cellular homeostasis or in the cellular response to stress are common to many of these late-onset disorders explains why alterations in autophagy are often found to underlie the basis of these pathologies and/or act as aggravating factors in the course of the disease. Interested readers are referred to recent comprehensive reviews on this topic [8, 12, 14, 58] .
Enhancing autophagy as an anti-aging intervention Autophagy might prevent or decelerate aging by guaranteeing the stability of the cellular proteome and proper organelle turnover. For example, mitochondrial dysfunction, extensively reported to contribute to cellular aging, has been proposed to occur, at least in part, because of the inability of old cells to remove their non-functional mitochondria (reviewed in Refs [59, 60] ). The recent advances in our understanding of autophagy have motivated a growing interest in developing strategies to enhance autophagic activity to slow-down aging progression. 
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Trends in Genetics Vol. 24 No.12 Pharmacological upregulation of macroautophagy has been successfully applied to different fly and mouse models of neurodegeneration to ameliorate symptoms and slowdown disease progression [61] . Activation of macroautophagy has also been proposed to underlie the anti-aging effect of antilipolytic drugs, although genetic confirmation of its contribution is still pending [62] .
Persistent activation of macroautophagy, however, might not be the ideal anti-aging intervention. In fact, recent studies in different mouse models of premature aging (progeria) have reported extensive basal activation of autophagy as a consequence of changes in lipid and glucose metabolism triggered by the nuclear damage. In these cases, chronic activation of this pathway seems to contribute to systemic degeneration and weakening [63] . Instead, a better approach could be to repair the autophagic defect to preserve proper activity until late in life. One current limitation of this approach, however, is the lack of information regarding the macroautophagy component(s) at fault in old organisms. Multiple factors could contribute to the loss of autophagic activity with age and the reason for failure could be tissue-specific. In fact, comparative studies of changes in basal macroautophagy with age in heart and liver have revealed different responses of both tissues to caloric restriction [64] . However, the recent studies in flies are encouraging, in which a decrease in the expression of several autophagy genes in neurons has been observed with age [51] (Figure 3) . Enhanced expression of the defective genes has proven effective in prolonging life span and providing resistance to oxidative stress [51] . Decreased expression of some autophagy genes in aging human brain has been recently reported [65] , but restorative manipulations like the ones described in flies have not yet been performed in aging mammals.
We have been able to prevent the age-dependent decrease of CMA in liver through genetic manipulation in mice [66] (Figure 3) . Activation of an exogenously added copy of the CMA receptor in these dual transgenic mice when the levels of the endogenous protein start to decrease (around 10 months of age) prevents the decline in CMA activity in old animals. The livers of the mice with preserved CMA function show better cellular homeostasis, improved ability to respond to the cell damage induced by different stressors and an overall liver function comparable to that in young mice [66] . This is the first evidence in mammals that preventing the agerelated decline in autophagic activity slows-down cellular aging and preserves organ function. Interestingly, the activity of other quality control mechanisms (e.g. macroautophagy and the ubiquitin-proteasome system) was also improved in these animals [66] . It is possible that a cleaner cellular milieu has a beneficial effect on the function of different cellular processes, including other clearance mechanisms, or that the previously described cross-talk among these mechanisms could promote their functional improvement [57] .
Concluding remarks and future perspectives
Genetic studies both in invertebrate and in mouse models have recently provided strong evidence of interplay between autophagy, health span and aging. The essential role of autophagy in the maintenance of cellular homeostasis and in the forefront of the response to stress positions it as a crucial player in the fight against cellular aging. Nevertheless, the mechanistic studies of the antiaging effect of autophagy have just taken off. Generalizations have frequently been made in light of particular findings; however, more detailed studies are required to answer several key questions: (i) Is autophagy required in all interventions known to prolong life span (e.g. contribution of autophagy to the anti-aging effect of methionine restriction has not been experimentally tested yet)? (ii) Is autophagy upregulation a common feature of all models of accelerated aging (e.g. although morphological changes of the autophagic system have been described in the short-lived Klotho mutant mice [67] , the analysis of their autophagic function is still missing)? (iii) Will similar Box 2. Autophagy and age-related disorders Age-related disorders are a broad group of diseases of higher prevalence in the elder population for which aging is considered a risk factor (e.g. cancer, neurodegenerative diseases, metabolic disorders such as diabetes, etc.). Here, I provide some examples of those disorders for which the aggravating effect of aging in the progression of the disease has been proposed to be, at least in part because of age-related changes in autophagy (reviewed in Refs [8, 12, 14, 58] ).
Neurodegenerative disorders
Alzheimer's disease (AD) and Parkinson's disease (PD), the two neurodegenerative disorders of highest prevalence in our society, are both late-onset diseases. Alterations in macroautophagy have been identified as one of the early changes in AD affected neurons, whereas a primary defect in CMA has been described in PD. Neurons respond to autophagic failure by up-regulating other proteolytic mechanisms (including autophagic pathways not affected by the disease). It has been proposed that this compensatory stage could be compromised with age because of the functional decline of the different autophagic pathways. This defect would eventually result in accumulation of pathogenic products, cellular death and on-set of symptoms related to loss of the affected neurons.
Cancer
Autophagy acts in tumor suppression by removing damaged organelles and reducing chromosome instability. As autophagic activity decreases with age, accumulation of intracellular damage, dysfunctional organelles and chromosome aberrations increase the chances of oncogenic transformation of somatic cells.
Immunosenescence Different aspects of the gradual deterioration of the immune system with age could be related to autophagic dysfunction. Decreased autophagy in professional antigen presenting cells (i.e. dendritic cells, macrophages and B-cells) could lead to inefficient presentation of exogenous antigens, poor T-cell activation and failure to orchestrate a proper immune response to pathogens. Furthermore, the inability of non-professional cells to present their own antigens through sampling of the cellular milieu by macroautophagy could underlie the abnormal autoimmune response sometimes observed in aging organisms.
Myopathies
Defective autophagosome clearance in the aging muscle could contribute to muscle wasting (sarcopenia) characteristic of old organisms. As autophagic vacuoles accumulate with age, they interfere with the contractile properties of muscle fibers weakening them and favoring small ruptures by traction, which eventually could lead to muscle atrophy.
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Trends in Genetics Vol. 24 No.12 manipulations to those used in the liver enable the prevention of the age-related decline of CMA in other tissues?
Likewise, a detailed dissection of the macroautophagy step or steps affected in aging organisms is essential before any restorative attempt can be implemented. Future studies should also concentrate on resolving some of the current controversies regarding the effect of autophagy on life span in different worm models and on comparing them to the effect(s) in other organisms. Despite the large number of 'pending tasks', the role of autophagy as an aging-fighter is now widely accepted and it is only a matter of time until the knowledge gained through these types of studies can be applied for the preservation of a healthy life.
